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Growth and dissolution of the mineral calcite is important for prediction and control of 
surface and subsurface water quality, calculation of past sea-surface temperatures using 
paleoenvironmental proxies, and sequestration of contaminants through engineered 
calcite precipitation.  At high concentrations of strontium, calcite growth is known to be 
inhibited, but the mechanism by which strontium inhibits growth is not well understood.  
Seeking to better understand this mechanism, atomic force microscopy is used with a 
flow-through fluid cell to measure real time growth rates of the obtuse and acute 
monomolecular step orientations on the  calcite surface.  Growth was measured at 
two saturation indices as a function of the ratio of the concentrations of aqueous calcium-
to-carbonate and varying aqueous strontium concentration.  It was found that the amount 
of strontium required to inhibit growth correlated with the aqueous calcium 
concentration, but did not correlate with carbonate concentration.  This suggests that 
strontium inhibits attachment of calcium, but not carbonate, during growth.  Analytical 
models of nucleation and propagation of steps are expanded from previous studies to 













The kinetics of growth of the ubiquitous mineral calcite is of particular interest to 
geochemists because calcite is the most stable form of calcium carbonate at conditions 
found on and near the Earth’s surface.  As such, many rocks contain appreciable amounts 
of calcite and other calcium carbonate minerals.  These rocks affect the composition of 
ground and surface waters.  During both abiotic and biogenic crystallization of calcite, 
trace metals, such as strontium and magnesium, are incorporated into crystal lattices.  The 
extent to which these ions incorporate has important implications for natural and 
engineered processes and has been shown to be affected by precipitation rates, 
temperature, and water chemistry (Lorens, 1981; Tesoriero and Pankow, 1996; Tang et 
al., 2008; Gebrehiwet et al., 2012; Lea et al., 1999; Russell et al., 2004).  For example, 
the effect of temperature on incorporation enables researchers to measure strontium-to-
calcium ratios in biogenic calcite and aragonite. Researchers then utilize these ratios to 
extrapolate sea surface temperatures (SST) from the recent past and many thousands of 
years ago.  Additionally, strontium is of particular interest because radioactive strontium 
produced during nuclear weapons testing is present at contaminated DOE sites and 
exceeds DOE guidelines.  Strontium concentrations range from 0.05 to 231,000 pCi/L in 
groundwater and 0.02 to 540,000 pCi/L in soils and sediments, but DOE guidelines 
require strontium levels not exceed 1000 pCi/L (Riley, 1992).  Immobilization of 
strontium by co-precipitating it into calcite is a potential method for removing this 
radioactive strontium from the subsurface. Since calcite is a sparingly soluble mineral, 
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this enables long term sequestering of strontium necessary for radioactive strontium to 
decay (Gebrehiwet, et al., 2012).  
At high concentrations, strontium inhibits calcite growth by a process that is not 
well understood. The goals of this thesis are to determine the mechanism by which 
strontium affects growth and to determine if current crystal growth models can explain 
inhibition of growth by strontium.  In this thesis, atomic force microscopy (AFM) was 
used to measure the growth rates of monomolecular steps on calcite surfaces in real-time 
and to observe the evolution of the morphology of the calcite surface.    
The format of this thesis is as follows.  Chapter 1 comprises a discussion of 
historical and current crystal growth theories, including Kossel crystal growth theory, 
BCF (Burton, Cabrera, and Frank) crystal growth theory, an electrolyte crystal growth 
model proposed by Zhang and Nancollas (the kinetic ionic ratio model), and a recent 
crystal growth model specifically designed for calcite proposed by Stack and Grantham 
(referred to as a kink site nucleation model).  Chapter 1 also includes detailed information 
on carbonate mineralogy. Further details about engineered remediation of strontium and 
the use of strontium-to-calcium ratios in biogenic calcite to calculate sea surface 
temperatures are also presented.   
Chapter 2 provides information on the methods used in this study, including how 
growth rates were calculated from AFM images.  Growth was measured at two saturation 
indices as a function of the ratio of the concentrations of aqueous calcium-to-carbonate 
and under varying aqueous strontium concentration, and the specific solution 
compositions are included in the chapter.  Chapter 2 also includes details on 
parameterization of the experiments, such as how experimental conditions were chosen to 
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ensure mass transport of calcium and carbonate ions were not limiting growth rates and to 
ensure the growth rates measured were at steady state.  
Chapter 3 presents the results of this study.  The concentration of strontium 
necessary to inhibit growth was found to be correlated with the concentration of calcium 
in solution, but was not found to be correlated with the concentration of carbonate in 
solution.  Our original hypothesis was that strontium inhibits calcite growth by 
preventing carbonate ions from attaching to the calcite surface.  Since there is no 
correlation between carbonate and strontium but there is between strontium and calcium, 
strontium must be affecting attachment of calcium.  Two of the theories discussed in 
chapter 1 (the kinetic ionic ratio model and the kink site nucleation model) were tested to 
determine if either could predict experimentally calculated step velocities in the absence 
of strontium.  Step velocities predicted for solution compositions not containing 
strontium with the kinetic ionic ratio model were much more inaccurate than those 
predicted using the kink site nucleation model.  The kink site nucleation model was also 
adapted to account for the effect of strontium.  Finally, chapter 4 includes the conclusions 
and suggestions for future work. 
 1.2 Crystal Growth Theory 
Atomic force microscopy has allowed an unprecedented ability to examine the 
structure of mineral surfaces and study many surface processes, including adsorption, 
crystal growth and dissolution.  In particular, in situ crystal growth and dissolution 
experiments have enabled researchers to test historical and modern crystal growth 
theories to examine the reactions governing these processes.  On the surface of minerals, 
flat regions, called terraces, can be observed using AFM.  If the crystal surface is not 
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perfectly flat, steps, which may be straight or rough, can also be observed separating 
these terraces.  These steps also contain sites called kink sites that are thought to be more 
reactive than other sites on the surface (shown diagrammatically in Figure 1.1).  If the 
steps are rough, there are large amounts of kink sites present, whereas if they are smooth, 
the kink site density is smaller.  
The basic building blocks of the crystal (which may be ions or molecules) are 
thought to preferentially attach to kink sites because there the ion or molecule will be 
able to form multiple bonds to the surface.  Attachment to flat terraces will be the least 
favorable because the ions or molecules can make fewer the bonds to the surface there.  
As such, the ion or molecule is more likely to detach since the rate of detachment is 
proportional to the inverse of the number of bonds to the surface.  Under supersaturated 
solutions (where crystal growth normally occurs), the attachment rate is greater than the 
detachment rate because the solution contains a higher concentration of these building 
blocks than what the bulk solubility dictates.  During growth, advancement of 
monomolecular steps across the crystal surface can be observed using AFM.  In this 
thesis, crystal growth theories are discussed in terms of growth for conciseness, however 
these models also can be applied to crystal dissolution, as the underlying theory is 
similar.  With regards to dissolution, there is a net rate of detachment of ions or 
molecules from the surface and ions or molecules will most readily detach from terraces 
and least readily from kink sites.  This leads to retreat of steps across a crystal, rather than 




Figure 2.1 A diagram of representative sites on a surface based on the terrace-step-
kink model. A is a growth unit adsorbed to a terrace, B is a growth unit adsorbed to a 
kink site, and C is a growth unit adsorbed to a step. From Crystal Growth: Principles and 
Progress (Vere, 1987).  
 
 
Kossel Crystal Growth Theory 
Kossel and Stranski (Kossel, 1927; Stranski, 1928) published the first work to 
recognize that defects on crystal surfaces are often the controlling factor in the rate of 
nucleation of kink sites.  These defects may arise from various factors such as lattice 
mismatch and incorporation of impurities into crystals.  Their theory, also referred to as 
the terrace-step-kink model, treats crystals as a simple cubic lattice with a single type of 
building block for growth, referred to as a growth unit.  Based on this theory, the growth 
unit for a calcite crystal is a CaCO3 formula unit; thus, this theory does not encompass 
independent attachment and detachment of calcium and carbonate ions.  This constrains 
growth to a maximum at stoichiometric ratios of aqueous calcium to carbonate.  
However, researchers have determined that growth may be maximized at ratios higher 
than unity (Stack and Grantham, 2010; Tai et al., 2005; Gebrehiwet et al., 2012).  This 
implies that the concept of a formula unit as the basic building block is an 
oversimplification because the ions attach independently.  To form a step on a flat 
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terrace, a growth unit would need to adsorb to the crystal surface, which requires high 
supersaturation (50% or greater) to be favorable.  However, this conflicts with later 
experimental studies measuring crystal growth at low supersaturation (Burton et al., 
1951).  This is because even at low supersaturation (1% and lower), crystals will have 
steps and kink sites arising from thermal fluctuations (Frenkel, 1945; Burton et al., 1951).  
BCF Crystal Growth Theory 
Kossel crystal growth theory provided the framework for Burton, Cabrera, and 
Frank (1951) to develop their seminal crystal growth theory.  BCF theory, which is also 
based on a simple cubic lattice with a single type of growth unit, introduces surface 
dislocations referred to as screw dislocations.  These dislocations provide a constant 
source of steps to which growth units can attach, commonly referred to as a growth 
hillock (Figure 1.2), which eliminates the need for high supersaturation required for 
Kossel crystal growth.  Despite this, the supersaturation of the solution is still a key factor 
in predicting advancement speeds of steps, the more supersaturated a solution is, the 
greater the rate of attachment of growth units to the surface.  BCF suggested dislocations 
arise from shear stress in the crystal, but during experimental observations using AFM, it 




Figure 1.2 AFM deflection images of spiral growth hillocks on a) the {100} 
potassium dihydrogen phosphate (KDP) surface (from Thomas et al., 2003) and b) 
the calcite surface.  The rough steps on KDP indicate kink site density is high 
and the growth rate is limited by kink site propagation rather than the nucleation of kinks.  
The straight steps on calcite indicate kink site nucleation is controlling growth and kink 




BCF theory postulated that mineral growth close to equilibrium could be thought 
of as being limited by either transport of ions to the parent phase or surface processes, 
such as adsorption of growth units to the surface and diffusion of growth units on the 
surface to kink sites (Burton et al., 1951).  For minerals with low solubility, surface 
processes are generally thought to limit growth more than transport, while minerals with 
a high solubility are thought to be limited more by transport of ions from the bulk to the 
surface (Berner, 1978; Lasaga, 1998), though in reality a mix of both processes is 
actually controlling growth.  In order to isolate the kinetics of surface reactions, crystal 
growth experiments of low-solubility minerals, such as calcite and barite, are normally 
designed to have a constant flux of growth units to the surface so that mass transport is 
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not limiting growth (Teng et al., 2000).  This enables researchers to determine what the 
rate limiting reactions are for mineral growth and dissolution. 
In this model, growth rate can be described as a function of the velocity of the 
steps advancing across the surface, vstep, and the distance between the steps, L.  The 
distance between steps can range from small, indicating steps are generated rapidly from 
a highly supersaturated solution, to large, such as for slow growth from a near-
equilibrium solution.  During the time it takes a step to advance this distance, the 
maximum height of the surface has increased by the height of the step, h.  The rate is 
described as: 
                                                                          (1.1) 
Finally, this theory predicts the diffusion rate of these loosely bound growth units 
to kink sites along the surface will also affect step advancement.  By including diffusion, 
step velocities can be described as: 
                                       (1.2) 
where Ds is the surface diffusion coefficient,  is the molar volume, kBS and kSB are the 
first order rate constants for attachment and detachment of growth units to and from the 
surface respectively, CB is the concentration of growth units in the bulk, is the 
equilibrium solubility, xs is the characteristic diffusion distance, and L is the distance 
between steps.  This in turn can be solved geometrically from the distance between the 
arms of an ideal spiral: 
                                                            (1.3) 
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where rc is the critical radius, the radius of two-dimensional nuclei on the surface where 
either growth or decay of the nuclei will reduce the free energy of the system (i.e., the 
Gibbs free energy is maximized, also referred to as the Gibbs-Thomson effect; De Yoreo 
et al., 2003; De Yoreo et al., 2009).  As supersaturation increases, the critical radius 
decreases linearly and the Gibbs free energy increases proportionally.  By combining 
equations 1.1-1.3, an overall equation for the rate of growth can be expressed as: 
                          (1.4) 
Since the critical radius depends on supersaturation, at low supersaturation the growth 
rate will depend quadratically on the saturation state, but at high supersaturation the 
growth rate will depend linearly on the saturation state.  Two key assumptions of this 
theory are that kink site generation is high regardless of the saturation state and the 
proportion of ions (for crystals comprised of more than one type of ion) in solution is 
assumed to be stoichiometric.  Additionally surface diffusion does not control crystal 
growth of calcite (Gratz et al., 1993), leading to the possibility that this model may not be 
able to accurately predict step velocities on calcite. 
 At equilibrium, kink sites will be randomly generated through thermal 
fluctuations (i.e. attachment, detachment, and diffusion of growth units along a surface) 
at the step edge (Frenkel, 1945).  Overall the rates of attachment and detachment of 
growth units will be equal, leading to no net growth or dissolution.  Moving from 
equilibrium to supersaturated conditions, natural fluctuations at the step edge need to be 
compared to the fluctuations arising from perturbation away from equilibrium by 
determining if kink site nucleation is fast enough to maintain a high density of kink sites.  
If the two types of fluctuations cannot be distinguished, the fluctuation dissipation 
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theorem of non-equilibrium thermodynamics (Chandler, 1987) applies and BCF theory 
can be used to predict the rate of crystal growth.  This is the case for many high solubility 
minerals that have a low energy barrier for formation of a kink (/kT is much less than 
unity), such as KDP (De Yoreo et al., 2009; Figure 1.2a).  However, if the two types of 
fluctuations can be distinguished from one another, this indicates the fluctuation 
dissipation theorem does not apply.  As a result, the Gibbs-Thomson effect no longer 
applies because there is a large energy barrier for kink formation (/kT is greater than 
unity) and the rate of kink formation does not minimize the Gibbs free energy (suggesting 
the critical radius no longer scales with supersaturation).  For these minerals, BCF theory 
cannot describe the rate of crystal growth.  
Using atomic force microscopy (AFM), it can be determined if the fluctuation 
dissipation theorem is likely to apply by examining the shape of steps and growth 
hillocks.  If the steps are rough and growth hillocks are somewhat circular in shape, many 
kink sites are present and the fluctuation dissipation theorem may apply (Figure 1.2a).  If 
the steps are smooth (Figure 1.2b) and growth hillocks are polygonized, the rate at which 
growth units attach to preexisting kink sites (kink site propagation) is much more rapid 
than the formation of new kink sites, thus kink site nucleation is controlling growth and 
the fluctuation dissipation theorem likely does not apply.  In the case of calcite and other 
sparingly soluble minerals, kink site propagation is fast, leading to low kink site densities 
as a result of weak step fluctuations (De Yoreo et al., 2009).  As a result, to model growth 
of sparing soluble minerals, the rate of growth predicted by the model must be limited by 
kink site nucleation. 
Modern Crystal Growth Theory (Zhang and Nancollas’s Kinetic Ionic Ratio Model) 
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 Due to the inherent limitations of BCF theory, Zhang and Nancollas (1998) 
developed the kinetic ionic ratio model to describe growth and dissolution of sparingly 
soluble ionic minerals, in particular minerals comprised of two constituent ions.  In the 
case of calcite, the two constituent ions are calcium and carbonate.  Step advancement is 
predicted as a function of the saturation ratio:  
                                                           (1.5) 
where {Ca} and {CO3} are the activities of calcium and carbonate in solution and Ksp is 
the equilibrium solubility product (10
-8.48
; Plummer and Busenberg, 1982).  To account 
for decreased growth at ratios far from unity, a correction factor is included which is 
based on the ionic ratio: 
                                                                  (1.6) 
where kCa and kCO3 are the attachment rate constants for calcium and carbonate.  This 
theory was derived using the structure of the {001} face of a crystal with a NaCl (halite) 
type lattice, which has an isometric structure where each cation and anion in the lattice is 
surrounded by six nearest neighbors in an octahedral coordination.  While this is likely 
the simplest structure for an AB ionic crystal, halite is not a sparingly soluble mineral and 
dissolution of halite occurs five orders of magnitude faster than dissolution of calcite and 
barite (BaSO4) (Berner, 1978).  Calcite has a rhombohedral structure and barite has an 
orthorhombic structure, which lead to different bonding environments for ions and 
molecules in the crystal lattice than for halite: cations in calcite are coordinated by six 
oxygen ions each belonging to a different carbonate and cations in barite are coordinated 
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by twelve oxygen ions belonging to seven different sulfates. This likely affects the 
applicability of this theory to either of these minerals.   
Zhang and Nancollas derived elementary rate constants for their model by making 
four different assumptions, which included: (a) the deposition rate of each ion is 
proportional to its activity in solution and does not depend on the site on a step to which 
the ion attaches, (b) the detachment frequency is proportional to the binding energy of 
ions to a given site (as discussed above detachment will occur more frequently from 
terraces than kink sites due to fewer bonds to the surface), (c) the detachment frequencies 
are the same for both ions (it is assumed that the same bond is broken for each type of 
ion, then εA = εB = ε), and (d) detachment from a non-kink site (under supersaturated 
conditions) and attachment of ions to a non-kink site (under undersaturated conditions) 
can be neglected. Assumption (c) is of particular concern because detachment rates 
calculated using molecular dynamics have not been shown to be equal for barium and 
sulfate ions detaching from a barite step (Stack, 2009).  Calcium and carbonate ions 
detaching from calcite will also likely have different detachment energies as detachment 
from the surface will be affected by complexation or protonation of ions and detachment 
of carbonate may be related to the solubility product. 
The 1D nucleation rate can be defined as: 
(1.7) 
and the rate of kink site propagation can be written as: 
                               
(1.8) 
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where k-Ca and k-CO3 are the rate constants for detachment of calcium and carbonate and 
/kT is the energy barrier for kink formation.  The rate at which steps advance depends 
on the density of kink sites (which is dependent on both kink site nucleation and kink site 
propagation), the kink site propagation rate, and the spacing between ions A and B in the 
lattice.  Step velocity can be predicted by including correction functions for the effect of 
the nonstoichiometric ratios and rewriting the equations as a function of the saturation 
ratio and ionic ratio: 
(1.9) 
 This theory predicts low step velocities for ratios far from unity, which have been 
experimentally observed by multiple researchers (Stack and Grantham, 2010; Gebrehiwet 
et al., 2012; Perdikouri et al., 2009; Larsen et al., 2010).  However, the model fails to 
reproduce zero or negative step velocities experimentally measured under supersaturated 
conditions for low solubility minerals such as calcite (Stack and Grantham, 2010; Fan et 
al., 2006).  This is because the predicted detachment frequency from a kink is a function 
of the solubility of the mineral and the square root of the attachment rate constants 
multiplied together.  Since calcite has a very low solubility (10
-8.48
), attachment is 
predicted to be higher than detachment even at very high or low ratios.  One other 
problem with this theory is that since equation 1.9 is a function of kink site nucleation 
and kink site propagation, the rate of kink site nucleation cannot be rate limiting, which 




Kink-Site Nucleation Limited Theory 
 To develop a model that can predict zero or negative step velocities, Stack and 
Grantham (2010) adapted modern crystal growth theory to enable attachment and 
detachment rates to be independent of each other, while still allowing constituent ions to 
be treated as separate growth units. The following reactions govern kink site formation in 
this model: 
                                                   (1.10) 
                                               (1.11) 
where kCa and kCO3 are the rate constant for attachment of aqueous calcium and carbonate 
ions to a step, k-Ca and k-CO3 are the rate constants for detachment of adsorbed calcium 
and carbonate ions from a kink site, Caaq and CO3 aq are the aqueous calcium and 
carbonate ions and Cakink and CO3 kink are the ions adsorbed to the step.  
 Since calcite is a sparingly soluble mineral, the rate of kink site nucleation can be 
assumed to be limiting growth and the rate of kink site propagation is fast.  This gives us 
a velocity dependent solely on the rate of kink site nucleation:  
                                                   (1.12) 
where a is the width of a single molecular row of a calcite step (0.31 nm) and the rate of 
kink site nucleation is defined as: 
      (1.13) 
The rate constants are the same as those defined in (1.10) and (1.11), [Ca] and [CO3] are 
the concentrations of calcium and carbonate in solution, and k-kn is a pseudo-zeroth order 
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rate constant that includes the overall rate of detachment and the density of kink sites.  
The propagation reaction may need to be considered in some cases, such as where 
attachment or detachment of either calcium or carbonate is rate limiting, which may 
occur at very high or low calcium-to-carbonate ratios.  At these ratios, steps begin to 
roughen and curve, indicating the propagation of kinks is occurring at a slower rate than 
at ratios close to unity (Stack and Grantham, 2010).  Growth in the presence of impurities 
has also been found to cause steps to roughen and curve (Figure 1.3).  The same 
propagation rate defined by Zhang and Nancollas (1998) can be used here: 
                            (1.14) 
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Figure 1.3 AFM deflection images of spiral growth hillocks on the {10-14} calcite 
surface in the presence of strontium.  Image b) is a three-dimensional representation of 
a) where the height image is colored with the deflection data.  The image is exaggerated 
400 fold in the z direction.  The rough steps on calcite in the presence of strontium 
indicate kink site propagation is likely less rapid than in the absence of strontium and the 




While this theory represents an advance over preexisting theories, future work 
focusing on accounting for the effects of background electrolytes, pH effects, and better 
constraining the detachment reactions by determining the density of kink sites would 
increase the applicability of this model.  Additionally, a recent computational study using 
rare event theory to probe kink site formation on barite, a sparingly soluble mineral with 
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two constituent ions, indicates barium ions detach from the surface by proceeding from a 
bound state (a kink site) to a species with two bonds to the surface to an inner-sphere 
adsorbed species to an outer-sphere adsorbed species before diffusing into solution (Stack 
et al., 2012).  The rate-limiting step for detachment of the barium ion to form a kink is 
moving from an inner-sphere to an outer-sphere species, while the rate-limiting step for 
attachment is the transition from an inner-sphere species to a species with two bonds to 
the surface.  It is possible that similar reactions also take place on calcite, and if so the 
attachment and detachment rate constants in equations 1.10 and 1.11 are strictly constants 
for the overall reaction described by the model.  
1.3 Carbonate mineralogy  
 Major rock-forming anhydrous carbonate minerals are classified into one of three 
structurally unique groups, the calcite group, the aragonite group, and the dolomite group.  
Generally, cations with an ionic radius smaller than calcium form carbonates of the 
calcite-like structure and cations with an ionic radius larger than calcium, such as 
strontium, form carbonates of the aragonite-like structure.  The calcite group structure is 
traditionally derived from the cubic structure of NaCl (described above in the Zhang and 
Nancollas theory section) by replacing sodium with calcium (or another divalent metal 
such as magnesium) and chloride with carbonate.  Since carbonate ions are trigonal 
planar but chloride ions are spherical, the crystal lattice shifts to a rhombohedral structure 
with a three-fold rotoinversion axis of symmetry and a glide plane along the c-
crystallographic axis (the space group is ; Figure 1.4).  Metal cations (such as 
calcium) are coordinated by six oxygen ions, each from a different carbonate, while 
oxygen ions are coordinated by two metal ions and a carbon.  The metal oxygen bond is a 
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weaker bond than the C-O bond, thus calcite cleaves along the  plane, which 
minimizes the number of Ca-O bonds broken and does not break any C-O bonds (Reeder, 
1983).  The surface created by this cleavage is the one most commonly studied during in 
situ AFM experiments.  Larger divalent metals, such as strontium and barium, are not 
usually accommodated in a stable 6-coordination in large quantities and are instead 
coordinated by nine of the oxygen ions, which results in an orthorhombic crystal structure 
where oxygen ions are coordinated by a carbon and three metal ions (i.e., the aragonite 







Figure 1.4 a) A cross-sectional representation of the two distinct step orientations, 
obtuse and acute, on the  calcite surface and the calcite unit cell as viewed 







1.4 Elemental Paleoproxies  
As calcium carbonate minerals grow, divalent metals, such as strontium, can 
incorporate into the crystal lattice.  Large divalent cations, such as strontium, substitute at 
much higher concentrations into aragonite than calcite (de Villiers et al., 1994; Cohen 
and McConnaughey, 2003), while small cations substitute more prevalently into calcite 
and affect growth at the calcite surface differently than large cations (Wasylenki et al., 
2005a).  Strontium-to-calcium ratios in biogenic calcite and aragonite are a popular 
elemental proxy for paleoclimatologists to use in reconstructing past sea surface 
temperature (SST).  While strontium is found in much lower concentrations in seawater 
than calcium and magnesium, it is still one of the most abundant calcium-substituting 
cations in natural environments (Pingitore et al., 1992).  Strontium-to-calcium ratios in 
biogenic calcium carbonates appear to correlate with temperature and water chemistry, 
among other environmental parameters (Lea et al., 1999; Russell et al., 2004).  As a 
result, modern corals are often used to quantify climate variability due to natural and 
anthropogenic effects during the past century, as well as quantify El Niño Southern 
Oscillation (ENSO) variability (Cohen and McConnaughey, 2003).  Older corals from 
thousands of years ago enable reconstruction of paleoenvironments at a resolution higher 
than that of other paleoproxies, such as δ
18
O.  These corals are only analyzed for years to 
decades worth of continuous time because of limits on how long corals grow, so 
conditions affecting the Sr/Ca ratio, such as pH and salinity, often are assumed to be 
constant (Cohen and McConnaughey, 2003).  If aragonite in corals is replaced with 
strontium-depleted calcite through diagenesis, significantly different temperatures may be 
predicted however (Sayani et al., 2011).  
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While many studies have measured the effects of various chemical and physical 
environmental factors, there is disagreement over which factors exert the most influence 
over strontium partitioning and incorporation rates.  A model was recently developed by 
DePaolo (2011) to predict metal/calcium ratios in calcite as a function of precipitation 
rate.  They established that the strontium-to-calcium ratio in the mineral is a result of the 
competition between precipitation and exchanges between the fluid and calcite.  
Researchers also recently discovered foraminifera incorporate higher concentrations of 
strontium when the aqueous calcium concentration is increased at constant 
supersaturation (increasing the calcium-to-carbonate ratio), but incorporation is not 
increased when the aqueous carbonate concentration is increased (decreasing the 
calcium-to-carbonate ratio) at constant supersaturation (Duenas-Bohorquez et al., 2011; 
Raitzsch et al., 2010).  It is unclear if this is a vital effect or if these phenomena might be 
affected by factors also affecting abiotic calcite growth, suggesting further research to 
constrain the effect on strontium on abiotic calcite growth is necessary. 
1.5 Remediation of strontium 
Engineered precipitation of minerals that can incorporate impurities has been 
suggested as a method to remediate subsurface contamination, such as to immobilize 
radioactive strontium via incorporation into calcite (Tartakovsky et al., 2008).  The effect 
of strontium on calcite growth has been examined through bulk precipitation 
experiments, which have shown that strontium incorporation into calcite increases as 
precipitation rate increases (Lorens, 1981; Tesoriero and Pankow, 1996; Tang et al., 
2008; Gebrehiwet et al., 2012).  Using an electron microprobe, Wasylenki and coworkers 
(2005a) also observed higher incorporation of strontium at higher precipitation rates and 
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preferential incorporation into the obtuse (as opposed to acute) step orientation on 
 surfaces.  Using atomic force microscopy (AFM), they observed morphological 
changes and determined strontium has complex effects on calcite growth rate.  Strontium 
modestly enhances calcite growth rates at low strontium concentrations, but a critical 
concentration is reached that causes growth rates to collapse as the aqueous strontium 
concentration is increased.  
During engineered precipitation, concentration gradients form because the porous 
media in the subsurface are poorly-mixed environments.  This can lead to regions where 
the calcium concentration is much higher than the carbonate concentration and vice 
versus.  To determine the effect of these gradients on strontium incorporation, a recent 
bulk precipitation experiment studied incorporation into calcite and found the distribution 
coefficient for strontium into calcite is not affected by the calcium-to-carbonate ratio at 
concentrations of strontium less than those required to inhibit growth (Gebrehiwet et al., 
2012).  Additionally, it has been shown the cation-to-anion ratio asymmetrically affects 
the rate of growth for minerals such as calcite (Stack and Grantham, 2010; Perdikouri et 
al., 2009; Larsen et al., 2010) and barite (Kowacz et al., 2007).  Stack and Grantham 
(2010) also found that the peak step velocity for the two orientations occurs at different 
calcium-to-carbonate ratios, acute steps advanced fastest under low calcium-to-carbonate 
ratios whereas the obtuse steps advanced fastest under higher calcium-to-carbonate ratios.  
Here using AFM with a flow-through fluid cell using establish methods (Land et 
al., 1997; Teng et al., 2000), we examine the effect of strontium on calcite growth as a 
function of this aqueous calcium-to-carbonate ratio to determine if it impacts the effect of 
strontium on calcite growth.  We measured these growth rates under varying ratio at a 
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variety of concentrations of strontium ranging up to the concentration required to inhibit 
growth.  We conclude that the concentration of strontium required to inhibit growth 
correlates with the aqueous concentration of calcium ion, but is not correlated with either 
the strontium-to-carbonate ratio or the product of strontium and carbonate, indicating 










































2.1 Sample and Growth Solution Preparation 
Stock solutions used to prepare growth solutions were created from ACS reagent 
grade CaCl2, NaHCO3, and SrCl2 dissolved in distilled, deionized water (18.2 MΩ-cm) 
and equilibrated with the atmosphere for at least two weeks or sparged with air overnight 
prior to use.  We found that use of solutions not equilibrated with the atmosphere resulted 
in increased acute step velocities at low calcium-to-carbonate ratios, likely due to 





Figure 2.1 Growth of the a) acute and b) obtuse calcite steps as a function of the 
aqueous calcium-to-carbonate ratio at a fixed saturation index of 0.40.  Red and blue 
circles denote the orientations exposed to solutions equilibrated with atmospheric CO2 
(from Stack and Grantham, 2010), while the black triangles denote the steps exposed to 
solutions not equilibrated with atmospheric CO2.  Equilibration does not appear to affect 
measured growth rates for the obtuse orientation, but measured velocities are higher for 
the acute orientation at low calcium-to-carbonate ratios.  
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The chemical compositions of the growth solutions were calculated using PHREEQC 
(Parkhurst, 1995), treating the system as equilibrated with the atmosphere.  The pH of 
inlet and outlet solutions were measured to confirm that the pH of the growth solution 
matched the pH calculated using PHREEQC to a few tenths of a pH unit.  Depending on 
the solution composition, pH varied from 8.5 (at high calcium-to-carbonate ratios) to 9.2 
(at low calcium-to-carbonate ratios).  Saturation indices were kept fixed at SI = 0.40 and 
SI = 0.75 (SI = log(Ca  CO3 / Ksp)).  Saturation indices greater than zero correspond to 
supersaturation and saturation indices less than zero correspond to undersaturation.  The 
aqueous calcium-to-carbonate ratio was varied from 0.0143 to 381 for SI = 0.75 and 
0.0158 to 45.8 for SI = 0.40.  Strontium concentrations in each of the solutions used were 
in the range of 0 to 9.07 × 10
-3
 M.  The specific solution compositions used can be found 
in Table 2.1 for the solutions without added strontium and Table 2.2a-b for the solutions 
with added strontium.  No additional background electrolyte was added to the growth 
solutions since the amount and identify of background electrolytes has been shown to 
affect growth rates (Ruiz-Agudo et al., 2011).  Here, the ionic strength of the growth 
solutions were all less than 0.02. 




















































0.0143 2.76e-5 1.94e-3 1.62e-5 1.14e-3 9.35 9.09 (0.23) 
0.0312 3.81e-5 1.22e-3 2.37e-5 7.59e-4 9.27 9.08 (0.26) 
0.111 6.68e-5 6.02e-4 4.48e-5 4.04e-4 9.13 9.09 (0.096) 
1.27 2.13e-4 1.68e-4 1.57e-4 1.23e-4 8.87 9.07 (0.17) 
4.88 4.11e-4 8.42e-5 3.10e-4 6.34e-5 8.73 9.00 (0.23) 
27.2 9.63e-4 3.55e-5 7.16e-4 2.64e-5 8.54 8.68 (0.25) 
43.2 1.22e-3 2.81e-5 8.92e-4 2.07e-5 8.48 8.73 (0.18) 
























































27.2 0.0102 9.64e-4 3.55e-5 9.84e-6 7.15e-4 2.63e-5 7.32e-6 
 0.0358 9.64e-4 3.55e-5 3.45e-5 7.15e-4 2.63e-5 2.56e-5 
 0.0766 9.64e-4 3.55e-5 7.38e-5 7.13e-4 2.62e-5 5.46e-5 
 0.102 9.64e-4 3.55e-5 9.84e-5 7.11e-3 2.62e-5 7.27e-5 
 0.153 9.64e-4 3.55e-5 1.48e-4 7.09e-3 2.61e-5 1.09e-4 
 0.408 9.66e-4 3.55e-5 3.94e-4 6.97e-4 2.56e-5 2.85e-4 
 0.612 9.67e-4 3.55e-5 5.92e-4 6.89e-4 2.53e-5 4.22e-4 
 1.02 9.73e-4 3.58e-5 9.92e-4 6.76e-4 2.49e-5 6.90e-4 
 1.52 9.70e-4 3.54e-5 1.48e-3 6.56e-4 2.39e-5 1.00e-3 
0.0143 0.313 2.77e-5 1.94e-3 8.65e-6 1.62e-5 1.14e-3 5.09e-6 
 0.722 2.77e-5 1.93e-3 2.00e-5 1.62e-5 1.13e-3 1.18e-5 
 1.08 2.77e-5 1.93e-3 3.00e-5 1.62e-5 1.13e-3 1.76e-5 
 1.44 2.77e-5 1.93e-3 4.00e-5 1.62e-5 1.13e-3 2.35e-5 
 1.80 2.77e-5 1.93e-3 5.00e-5 1.63e-5 1.13e-3 2.94e-5 
 2.16 2.78e-5 1.93e-3 6.00e-5 1.63e-5 1.13e-3 3.53e-5 
381 0.119 4.24e-3 1.11e-5 5.05e-4 2.63e-3 6.89e-6 3.13e-4 
 0.237 4.24e-3 1.11e-5 1.01e-3 2.58e-3 6.77e-6 6.13e-4 
 0.355 4.24e-3 1.11e-5 1.51e-3 2.54e-3 6.66e-6 9.04e-4 
 0.474 4.24e-3 1.11e-5 2.01e-3 2.50e-3 6.55e-6 1.19e-3 
 0.592 4.24e-3 1.11e-5 2.51e-3 2.46e-3 6.45e-6 1.46e-3 
 0.889 4.25e-3 1.11e-5 3.77e-3 2.37e-3 6.21e-6 2.12e-3 
 1.00 4.23e-3 1.10e-5 4.26e-3 2.33e-3 6.08e-6 2.36e-3 
 1.13 4.25e-3 1.11e-5 4.78e-3 2.31e-3 6.05e-6 2.61e-3 
 1.36 4.25e-3 1.11e-5 5.79e-3 2.26e-3 5.89e-6 3.09e-3 
 1.84 4.25e-3 1.10e-5 7.81e-3 2.17e-3 5.62e-6 4.00e-3 
 2.13 4.26e-3 1.10e-5 9.07e-3 2.12e-3 5.47e-6 4.53e-3 
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Table 2.2b:  Solution composition summary for SI = 0.40 with added strontium.  

































2.72 0.364 1.98e-4 7.19e-5 7.21e-5 1.52e-4 5.53e-5 5.54e-5 
 0.606 1.98e-4 7.18e-5 1.20e-4 1.52e-4 5.50e-5 9.20e-5 
 0.848 1.98e-4 7.17e-5 1.68e-4 1.51e-4 5.47e-5 1.28e-4 
 1.04 1.98e-4 7.16e-5 2.07e-4 1.51e-4 5.44e-5 1.57e-4 
 1.21 1.98e-4 7.15e-5 2.40e-4 1.50e-4 5.42e-5 1.82e-4 
 1.45 1.98e-4 7.14e-5 2.88e-4 1.50e-4 5.39e-5 2.18e-4 
 1.69 1.99e-4 7.13e-5 3.36e-4 1.49e-4 5.36e-5 2.53e-4 
0.111 0.391 4.29e-5 4.35e-4 1.68e-5 2.97e-5 3.01e-4 1.16e-5 
 0.684 4.30e-5 4.35e-4 2.94e-5 2.97e-5 3.01e-4 2.04e-5 
 0.977 4.30e-5 4.34e-4 4.20e-5 2.97e-5 3.00e-4 2.91e-5 
 1.27 4.30e-5 4.34e-4 5.46e-5 2.97e-5 3.00e-4 3.78e-5 
12.1 0.235 4.17e-4 3.45e-5 9.80e-5 3.23e-4 2.67e-5 7.59e-5 
 0.470 4.17e-4 3.44e-5 1.96e-4 3.20e-4 2.64e-5 1.50e-4 
 0.705 4.17e-4 3.43e-5 2.94e-4 3.17e-4 2.61e-5 2.24e-4 
 0.939 4.17e-4 3.43e-5 3.91e-4 3.14e-4 2.59e-5 2.95e-4 
 1.17 4.17e-4 3.42e-5 4.89e-4 3.12e-4 2.56e-5 3.66e-4 




Calcite samples (Wards Scientific) were cleaved along the  surface.  A 
representative calcite sample was analyzed using inductively coupled plasma optical 
emission spectrometry (ICP-OES) to determine trace divalent cations impurity content 
(Table 2.3).  Of the different impurities measured, magnesium was the most common at 
588 ppm.  While some trace strontium was observed in the calcite samples, the 




Table 2.3:  Trace divalent metal concentrations in parts per million in a 
representative calcite sample.  
Mg Sr Fe Mn 







2.2 In situ AFM Experiments 
In the experiments shown here, two atomic force microscopes were used to 
measure step velocities on freshly cleaved calcite samples, an Agilent PicoPlus and an 
Asylum Research MFP-3D.  Prior to mounting samples, calcite dust produced during 
cleaving was removed using compressed nitrogen.   The  calcite surface was 
exposed to growth solutions continuously flowing at a rate of 120 mL/hr with the obtuse 
step orientation facing the inlet solution, a flow rate and direction under which growth 
was not limited by mass transport to the surface for fluid cells used with both 
microscopes.  When growth solutions were flowing at a rate of 60 mL/hr, calculated step 
velocities were less than those measured at flow rates of greater than 90 mL/hr, indicating 
transport of ions to the surface is affecting growth at lower flow rates and growth is not 




Figure 2.2 Step velocity of the obtuse step orientation as a function of the flow rate 
of the growth solution. The dotted black line indicates the approximate flow rate 
required to reach a step velocity not limited by mass transport (denoted by the red dotted 
line).  The bolded line at 120 mL/hr is the flow rate at which the step velocities reported 
in this thesis were measured, ensuring that the velocities were not affected by mass 
transport to the surface. 
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After each new growth solution was introduced to the fluid cell, the system was 
allowed to relax back to a steady-state step velocity.  The time required for this was 
found to be approximately 26 minutes for the fluid cell used with the Agilent PicoPlus 
AFM and 19 minutes for the fluid cell used with the Asylum Research MFP-3D AFM 
(Figure 2.3).  To ensure steady state was reached, step velocities were calculated from 
images collected at least 40 minutes after the initial injection of each solution into the 
cell.  Step velocities for the obtuse and acute steps on the  calcite surface were 





Figure 2.3 Step velocity of the obtuse step orientation as a function of time since 
introducing a new solution to the fluid cell used with an a) Asylum Research MFP-
3D AFM and b) Agilent PicoPlus AFM.  The dotted black line indicates the 
approximate time it takes to reach the steady state step velocity (denoted by the red 
dotted line).  The bolded line at forty minutes is the time at which the step velocities 






2.3 Image Analysis 
During imaging, deflection and height images for the trace and retrace of the tip 
across the surface were collected.  Unaltered trace and retrace deflection images were 
primarily used in image analysis, however height images could also be used if the images 
were subjected to a first order flatten and a first order planefit along the fast scan 
direction prior to analysis.  During flattening individual least-squares fit polynomials are 
calculated and then subtracted from each scan line.  This corrects bowing and slope of the 
image in the slow scan direction and differences in scan height from one scan line to 
another.  A planefit corrects the tilt and bowing along the fast scan direction by 
subtracting a polynomial from the image.  No filtering of the images was necessary.  In 
this thesis all AFM images, with the exception of Figure 1.3b, are raw deflection images.  
Figure 1.3b is a height image that has been colored with the corresponding deflection 
image.  The height image has been subjected to a first order flatten and a first order 
planefit.  After this, a few scan lines were removed using the erase scan line tool found in 
the Asylum Research software.  This tool works by replacing the selected line by 
interpolation.   
Step velocities were primarily measured by calculating the velocity from the slope 
of the trace of the step over time (Figure 2.4): 
            (2.1) 
where Rs is the scan rate (lines/s), A is the scan size (nm/scan), NL is the sampling rate 





Figure 2.4 Measurements of angles on two different deflection images of calcite 
growth hillocks with the slow scan axis a) disabled and b) enabled. Both images are 
from scans where the tip was moving down relative to the top of the image (the scan size 
for both images is 7.5 μM).  The crystal in a) is aligned so the angle measured during an 
up and a down scan is the same, so the calculated velocity is the actual velocity for both 
scan directions.  The crystal in b) is misaligned, so the measured angle for the acute steps 
during a down scan is greater than 90 leading to a negative calculated velocity, much less 
than the actual velocity.  During an up scan the angle is less than 90 leading to a 
calculated positive velocity much greater than the actual velocity, but in this thesis it is 




As the curvature and irregularity of the steps increased with increasing strontium 
concentrations, velocities were measured by calculating the displacement of points on 
individual steps in sequential images.  Generally the tip was rastered at an angle where 
the velocities measured during up and down scans were similar, but the velocities were 
corrected for thermal scanner drift or misalignment of the calcite crystal by taking the 
average of both an up and a down scan.  Figure 2.5 presents a proof concluding that if 
these two scan directions are averaged, then misalignment of the calcite crystal does not 
impact the calculated step velocities.  Two to four replicates were performed per data 
point (the velocities quoted below are the mean of the replicates and error bars are ± one 
standard deviation).  
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Figure 2.5 Proof that the orientation of the crystal does not affect the step velocities 
measured if an up and a down scan are averaged where a) is an aligned crystal and 
b) is a misaligned crystal. The apparent step direction (L) is a convolution of the actual 
growth direction (G) and the scan direction.  θ is the angle measured on the hillock, ϕ is 
the degree of the tilt of the crystal, and ψ is 90 – θ.  If the crystal is misaligned, the 
measured angle for an up scan will be less than the angle that would be measured for an 
aligned crystal and vice versus for the down scan.  This degree of difference will be the 
same for both scan directions, so if the angles for both directions are averaged, the 

















3.1 In-situ AFM observations at SI = 0.40 and 0.75 in the absence of strontium. 
Step velocities of the obtuse and acute step orientations on calcite growth hillocks 
were measured at a fixed saturation index (SI = 0.75), but variable aqueous calcium-to-
carbonate ratio (Figure 3.1).  The step velocities measured here follow a trend similar to 
step velocities previously reported by Stack and Grantham (2010) who measured 
velocities at a lower saturation index (SI = 0.40).  That is, the peak velocity of the obtuse 
steps occurs at high calcium-to-carbonate ratios, whereas the acute steps advance fastest 
at ratios close to stoichiometric (1:1) or slightly lower.  As expected, the magnitude of the 
step velocities is greater at the larger saturation index used here, particularly for the 
obtuse step orientation.  However, at the saturation index of 0.75, steps were observed to 
continue to advance under solutions containing aqueous calcium-to-carbonate ratios far 
from stoichiometric, which is in contrast to the behavior observed at a saturation index of 
0.40.  Morphology is also similar between the two saturation indices, where obtuse steps 




Figure 3.1: Step velocities as a function of calcium-to-carbonate ratios at a 
saturation index of 0.40 and 0.75. Obtuse steps advance faster at high ratios, whereas 
the acute step grows more rapidly at ratios close to one, or slightly lower than one.  Error 




As there was approximately twice as much data for SI = 0.75 as SI = 0.40, each 
data point in the SI = 0.40 data was doubled to give equal weighting of each data set in 
the fits that are described below.  The difference between fit parameters calculated from 
the doubled SI = 0.40 dataset and the undoubled dataset was determined not to be 
statistically significant using a heteroscedastic two-tailed t-test.  The t-value can be 
calculated using the following equation and compared to the t-critical value to determine 
if the means are statically different: 
    (3.1) 
where t is the t-value, X1 and X2 are the means of the two samples,  and   are the 
sample variances, and n1 and n2 are the sample sizes.  The degrees of freedom can be 
calculated using the following equation:   
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  (3.2) 
A heteroscedastic test was chosen because the variances were not found to be statistically 
equal using an F-test.  An F-test compares the variances of two of the different fit 
parameters (such as the fit parameter for calcium attaching to an obtuse step and the fit 
parameter for carbonate attaching to an obtuse step).  The more the ratio between the two 
variances deviates from one, the more likely it is that the samples have unequal variances.   
 The combined SI = 0.75 and SI = 0.40 dataset was simultaneously fit to the 
kinetic ionic ratio model (Zhang and Nancollas, 1998) and fit parameters were estimated 
using a Newton-Raphson minimization.  The χ
2
 was 1740 for the obtuse orientation and 
321 for the acute orientation. The analytical expression used to fit the step velocity data is 
equation 1.9, found in the introduction.  The model fits are shown in Figure 3.2 and the 
fit parameters are shown in Table 3.1.  Importantly, the model can neither predict step 
velocities of both saturation indices simultaneously (i.e., using the same rate constants for 
both), nor can it replicate the shapes of the curve well for obtuse step orientation at a 






Figure 3.2: Step velocities as a function of calcium-to-carbonate ratios at a 
saturation index of a) 0.75 and b) 0.40.  Curves are model fits of the combined data set 
(SI = 0.40 and 0.75) using the Zhang and Nancollas (1998) kinetic ionic ratio model.  
Error bars are ± 1 standard deviation and the chi-squared for the obtuse fit is 1780 and 
321 for the acute fit, both of which are much higher than the chi-squared values for the 
kink site nucleation model (Stack and Grantham, 2010). 
 
 
Table 3.1: Estimates of rate constants for the Zhang and Nancollas (1998) model. 
Constants acute (χ
2
 = 321) obtuse (χ
2
 = 1740) 
kCa   (s
-1
) 1.8 × 10
8





) 1.1 × 10
8





Attempting to obtain a model that suitably describes multiple saturation states, we 
switch to using the kink-nucleation limited model previously derived in Stack and 
Grantham (2010) and adapted from crystal growth theory (De Yoreo and Vekilov, 2003; 
De Yoreo et al., 2009).  This model does not explicitly include saturation state as a 
master variable but treats attachments and detachments of calcium and carbonate ions 
independently based on their respective concentrations.  This model is presented in more 
detail in Section 1.2, in the portion entitled “Kink-Site Nucleation Limited Theory”.  
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Figure 3.3 shows the step velocity model fit to the two saturation indices 
simultaneously; fit parameters are shown in Table 3.2.  The fit is much more suitable for 
both step orientations and saturation indices than the kinetic ionic ratio model.  The χ2 
was 417 for the obtuse orientation and 195 for the acute orientation.  These values are 
much lower than the kinetic ionic ratio model, though the model underestimates step 
velocities for the acute step orientation at high calcium-to-carbonate ratios for the 
saturation index of 0.75 and at low calcium-to-carbonate ratios for the saturation index of 
0.40.  Additionally, the fit also underestimates the peak obtuse step velocity at a 
saturation index of 0.40 and predicts nonzero step velocities at ratios where step 
advancement was not observed.  The calculated attachment rate for calcium ions is ~2 
orders of magnitude smaller than the water exchange rate of the aqueous ion (Richens, 
1997) and a computationally estimated rate constant for attachment to planar surfaces 
(Kerisit, 2004), however this is a reasonable estimate given that attachment and 








Figure 3.3: Step velocities as a function of calcium-to-carbonate ratios at a 
saturation index of 0.40 and 0.75. Curves are model fits of the combined data set (SI = 
0.40 and 0.75) using the kink site nucleation model from Stack and Grantham (2010). 





Table 3.2: Estimates of rate constants for the nucleation model (Stack and 
Grantham, 2010). Values are the best estimate, standard deviations estimated from 
residuals are shown in parentheses. 
Constants acute obtuse 
kCa   (s
-1
) 6.4 (± 0.5) × 10
6





) 4.7 (± 0.4) × 10
6
 3.6 (± 0.2) × 10
7
 
k-kn   (M⋅s
 -1




The magnitude of the fit parameters is smaller than the fit parameters reported in 
Stack and Grantham (2010).  Forcing the model to zero velocity at the same ratios as 
reported in Stack and Grantham (2010), yielded fit parameters within error of those 
parameters reported in Stack and Grantham (2010).  However, the resulting χ2 values 
were much larger (1030 for the obtuse orientation and 297 for the acute orientation), 
indicating the fit is likely worse than if the model fit is not forced to zero.  While the 
attachment rates for carbonate ions are similar to those previous reported, the attachment 
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rate for calcium for both step orientations are 50-60% of the previous fit at just the 
saturation index of 0.40.  Detachment rates can be neglected, consistent with the lack of 
near-zero step velocities observed at the higher saturation index.  The attachment rate for 
a calcium ion is similar for both step orientations, however the attachment rate for a 
carbonate ion is an order of magnitude slower for the acute step than the obtuse step (this 
was also observed in Stack and Grantham, 2010).  Using a heteroscedastic two-tailed t-
test, the difference between the rates of attachment for a calcium ion were not determined 
to be statistically significant (p-value of 0.4), but the difference between the rates of 
attachment for a carbonate ion are extremely statistically significant (p-value of 0.0008).  
Since the attachment rate constants for a calcium ion are the same within error and the 
observed difference in the mean is not statistically different, we assume the attachment 
rate constants for a calcium ion to either step orientation are the same.  Interestingly, it is 
seemingly the attachment of carbonate ions that is determining the differing calcium-to-
carbonate ratio of the peak velocity and the differences in the magnitude of the peak 
velocity of the growth rate of each of the acute and obtuse steps.  These will in turn 
manifest themselves in the morphologies of the crystals crystal grown under varying 
calcium-to-carbonate ratio (discussed below). 
These differences in kink sites likely leads to the observed asymmetry of step 
velocities of the different step orientations with respect to ratio, which may indicate the 
reactions controlling calcite growth for the different step orientations may also be 
asymmetric (Stack and Grantham, 2010; Perdikouri et al., 2009).  Based on varying 
dependence of the steps on background electrolyte composition, Ruiz-Agudo and 
coworkers (2011) suggest different processes for the two orientations may control step 
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velocity.  Obtuse step velocity may be controlled by the availability of calcium ions in 
solution, while acute step velocity may be limited by kink site nucleation and the 
hydration of the carbonate surface (Ruiz-Agudo et al., 2011). This appears consistent 
with our observations, at higher supersaturation, obtuse steps advance faster than at lower 
supersaturation, particularly at high calcium-to-carbonate ratios. For instance, at a ratio of 
approximately 40, the average step velocity at SI = 0.75 was approximately double the 
step velocity observed at SI = 0.40, but at a ratio of 0.1, the step velocities were virtually 
identical at each saturation index. However, the acute steps advance at similar rates at 
both saturation indices, within error, despite a fifty percent increase in the amount of 
calcium ions in solution at SI = 0.75 versus SI = 0.40. 
3.2 Observations in the presence of strontium. 
Step velocities of both step orientations were measured at variable strontium 
concentrations for five different calcium-to-carbonate ratios (Figure 3.4), three of which 
were at SI = 0.40 ([Ca]/[CO3]  = 0.111, 2.72, and 12.1) and two of which were at SI 
=0.75 ([Ca]/[CO3]  = 0.0143 and 27.2).  Step velocities were fit using sigmoid curves to 
provide a quantitative measure of the amount of strontium necessary to inhibit growth 
and to ease visualization.  The choice of functional form is justified below.  This 
functional form is not completely ideal, however, since step velocities of the acute step 
orientation were sometimes observed to increase slightly at low strontium concentrations, 
consistent with previous observations (Wasylenki et al., 2005a).  Also as in Wasylenki et 
al. (2005a), as strontium concentration is increased, step advancement rate remained 
relatively constant until a critical strontium concentration was reached where growth rate 
collapsed and became almost completely inhibited.  However, we find that the amount of 
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strontium necessary to inhibit growth can vary by more than an order of magnitude under 
the same saturation index but differing aqueous calcium-to-carbonate ratios (Figure 3.4).  
At low calcium-to-carbonate ratios, relatively low concentrations of strontium are 
necessary to inhibit growth, however as the calcium-to-carbonate ratio is increased, 
progressively higher concentrations of strontium are necessary to produce similar 






Figure 3.4: Step velocities as a function of the aqueous strontium concentration at a 
saturation index of 0.40 (circles) and 0.75 (triangles) for the a) obtuse and b) acute  
step orientations at five different calcium-to-carbonate ratios.  We observe 
significantly higher concentrations of strontium are required to inhibit growth at high 
calcium-to-carbonate ratios (green circles and red triangles) than near unity (blue circles) 







Changes in step velocity were accompanied by morphological changes.  In 
Wasylenki et al. (2005a), rounding and elongation of the steps was observed 
perpendicular to the c-glide plane.  While we also observed elongation perpendicular to 
the c-glide plane at all calcium-to-carbonate ratios, the degree of rounding was found to 
be strongly dependent on ratio.  Under solutions with low calcium-to-carbonate ratios 
([Ca]/[CO3] = 0.0143) and high strontium concentrations, substantial rounding and 







Figure 3.5: Calcite growth morphology at low calcium-to-carbonate ratio 
([Ca]/[CO3] = 0.0143) as a function of the aqueous strontium concentration.  Obtuse 
and acute step orientations are as marked and AFM deflection images correspond to the 
concentration denoted by the dashed line in a).  b) When [Sr] = 8.65 × 10
-6 
 M, acute and 
obtuse steps advance at similar rates.  c) When [Sr] = 2.00 × 10
-5 
M, step advancement 
has slowed for the obtuse orientation and obtuse steps begin to round.  d) When [Sr] = 
5.00 × 10
-5 
M, obtuse steps become extremely rounded and bunched and steps elongate 
perpendicular to the c-glide plane.  The scan size in b) and c) is 5 μM and 7.5 μM in d). 
 
 
Significantly less rounding occurred for a given strontium concentration at high 
calcium-to-carbonate ratios ([Ca]/[CO3] = 381) (Figure 3.6) and step bunching was 
exclusive to the acute step orientation (that is, the opposite in the case of the low calcium-
to-carbonate ratios).  Observations in the absence of strontium were similar to previous 
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work (Stack and Grantham, 2010): at calcium-to-carbonate ratios greater than 381, 
bunching of the acute side was observed and at calcium-to-carbonate ratios less than 




Figure 3.6: Calcite growth morphology at high calcium-to-carbonate ratio 
([Ca]/[CO3] = 381) as a function of the aqueous strontium concentration.  Obtuse and 
acute step orientations are as marked and AFM images correspond to the concentration 
denoted by the dashed line in a).  b) When [Sr] = 5.05 × 10
-4 
M, acute steps advance 
slower than obtuse steps.  c) When [Sr] = 5.79 × 10
-3 
M, step advancement of the acute 
step orientation has slowed.  d) When [Sr] = 9.07 × 10
-3 
M, acute steps have become 
pinned and rounding of obtuse steps is observed.  The scan size in b) is 7.5 μM and 10 
μM in c) and d). 
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It is important to note that the strontium concentration required to inhibit growth 
increased with both saturation index and calcium-to-carbonate ratio.  As saturation index 
increases, the concentrations of both calcium and carbonate increase, whereas as calcium-
to-carbonate ratio increases, the concentration of calcium increases but the concentration 
of carbonate decreases.  This suggests that the concentration of strontium required to 
inhibit step advancement may correlate with the concentration of aqueous calcium, but 
not the concentration of aqueous carbonate.  To test this hypothesis, we transformed the 
data in Figure 3.4 to express step velocity as a function of aqueous strontium-to-calcium 





Figure 3.7: Step velocities as a function of the strontium-to-calcium ratio at a 
saturation index of 0.40 (circles) and 0.75 (triangles) for the a) obtuse and b) acute 
step orientations at five different calcium-to-carbonate ratios.  We observe that 
growth is usually inhibited at a high strontium-to-calcium ratio, regardless of the 
calcium-to-carbonate ratio. Error bars are ± 1 standard deviation. 
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Distinct trends for the obtuse and acute step velocity as a function of the 
strontium-to-calcium ratio are readily observed.  At high strontium-to-calcium ratios, 
growth is mostly inhibited for both step orientations, even under calcium-to-carbonate 
ratios where either is limiting.  To confirm that there is no correlation between the 
amount of strontium necessary to inhibit growth and the aqueous carbonate 
concentration, the step velocities were evaluated as a function of the strontium-to-
carbonate ratio (Figure 3.8) and the product of the strontium and carbonate 
concentrations (Figure 3.9).  Our initial hypothesis was that strontium inhibited growth 
by labializing carbonate ions that adsorbed adjacent to it on the step edge, or by inhibiting 
their attachment.  However, if this mechanism were correct, there would be a dependence 
of step velocities on either the strontium-to-carbonate ratio or the product of strontium 
and carbonate.  Since a correlation only exists between strontium and calcium and no 











Figure 3.8: Step velocities as a function of the strontium-to-carbonate ratio at a 
saturation index of 0.40 (circles) and 0.75 (triangles) for the a) obtuse and b) acute 
step orientations at five different calcium-to-carbonate ratios.  We do not observe any 




Figure 3.9: Step velocities as a function of the product of strontium and carbonate at 
a saturation index of 0.40 (circles) and 0.75 (triangles) for the a) obtuse and b) acute 
step orientations at five different calcium-to-carbonate ratios.  We do not observe any 
correlation between the product of strontium and carbonate and inhibition of growth. 
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To derive an alternate hypothesis where strontium can only inhibit attachment of 
calcium, we turn to recent rare event theory simulations for barium 
detachment/attachment from a barite {120} step edge (Stack et al., 2012).  It was found 
that barium attachment to the step-edge passes through multiple intermediate states prior 
to becoming a kink site.  These include outer-sphere and inner-sphere adsorbed species 
and a species with two bonds to the surface.  If calcium attachment during calcite growth 
occurs via a similar mechanism, strontium could compete with one or more of these 
precursor adsorption sites and limit or block attachment of calcium ions to the step edge.  
For example, simultaneous inner-, outer- and extended outer-sphere adsorption of 
strontium has been shown to occur on mica surfaces (Lee et al., 2010).   
If this conceptual picture is accurate, the choice of a sigmoidal curve would have 
been prescient, since this allows us to calculate the relative affinity of strontium and 
calcium sorption to the precursor sites (also sigmoidal curves are appropriate to model 
equilibrium speciation).  If we assume that the step velocity in excess strontium is zero, 
and the step velocity in the absence of strontium or limited strontium is vmax, the 
sigmoidal curves in Figure 3.7 can be defined as:  
    (3.3) 
where  is the strontium-to-calcium ratio at which , and α is a 
parameter which affects the steepness of the curve. For a given strontium-to-calcium ratio 
and saturation index, the step velocity at which the velocity is one half the maximum 
velocity indicates the aqueous strontium-to-calcium ratio where the concentrations of 
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strontium and calcium adsorbed into a precursor state on the step-edge are equal.  This 
may be written as: 
    (3.4) 
where step-Sr and step-Ca correspond to strontium or calcium adsorbed in a precursor 
site as described above.  Ignoring differences in activity and concentration and solving 
for the cation exchange constant yields: 
       (3.5) 
so that where we observe , [step-Ca] equals [step-Sr] and the [Sr]/[Ca] ratio is 
equal to the Kex.  The curves in Figure 3.6 yield a mean strontium-to-calcium ratio of 1.09 
± 0.09 for Kex of the obtuse the step orientation (Figure 3.7a) and 1.44 ± 0.19 for the 
acute step orientation (Figure 3.7b).  The close agreement (especially on the obtuse step 
orientation) indicates that the amount of strontium necessary to inhibit growth correlates 
with the calcium concentration and supports the concept that strontium acts via 
competitive inhibition with calcium for some site(s) at the step edge. 
 To begin to incorporate the effect of strontium into the analytical expressions of 
step velocity used above, we must first concede that unfortunately step velocities alone 
cannot provide a unique analytical solution that reflects both the reality of multiple 
surface structures potentially important (i.e. kink site nucleation and propagation; De 
Yoreo et al., 2009) and the possibility of multiple precursor adsorption states (i.e., outer-
sphere, inner-sphere, etc.; Stack et al., 2012).  We modify the rate of kink site nucleation 
(equation 1.13) to include a possible precursor site by introducing a two-step reaction 
process: 
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       (3.6) 
where step is the empty precursor site, step-Ca is the precursor site with calcium 
adsorbed, and KS-Ca is the equilibrium constant for formation of a calcium precursor site.  
Incorporation of strontium into calcite has been found to be low (~1-2%; Wasylenki et 
al., 2005a), so here we assume that while strontium adsorbs to an empty precursor site, 
the rate at which a kink site is subsequently formed is negligible: 
     (3.7) 
Here, step-Sr is the precursor site with strontium adsorbed and KS-Sr is the equilibrium 
constant for formation of a strontium precursor site.  The total concentration of precursor 
sites can then be expressed as: 
              (3.8) 
and if we substitute [step-Sr] and [step-Ca] from equations 3.6 and 3.7 into this equation, 
we can determine the concentration of the empty precursor sites: 
             (3.9) 
This step concentration is related to the attachment rate constant for calcium solved for in 
Section 3.1 (Table 3.2, Figure 3.3), which can be written as:  
         (3.10) 
where the apparent rate of attachment of calcium to a kink site is a combination of the 
intrinsic rate constant, the overall rate at which calcium adsorbs to a precursor site, and 
the concentration of precursor sites.  By taking the ratio of the apparent rate constants in 
the presence and absence of strontium, we can derive a correction factor (c.f.) that can be 
introduced into the nucleation expression (equation 1.13): 
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                                          (3.11) 
such that kCa apparent (with Sr) = kCa apparent (without Sr) × c.f, which leads to the following 
overall expression for the rate of kink site nucleation: 
                       (3.12) 
To fit this, we used the previously determined attachment rate constants for calcium and 
carbonate (Table 3.2) in the absence of strontium as fixed parameters and solved for KS-Ca 
and KS-Sr with a Newton-Raphson.  The Newton-Raphson minimization was carried out 
over all the step velocities measured in the presence of strontium and the equilibrium 
constants can be found in Table 3.3.  The resultant fits are shown in Figure 3.10 (obtuse 
steps, χ
2
 = 1609) and Figure 3.11 (acute steps, χ
2
 = 358).  In particular, it should be 
stressed that the fit was carried out across all strontium concentrations, aqueous calcium-
to-carbonate ratios and saturation indices and that inconsistencies in the zero strontium 




Table 3.3: Estimates of rate constants for the modified nucleation model. 
Constants acute obtuse 
kCa   (s
-1
) 6.4 (± 0.5) × 10
6





) 4.7 (± 0.4) × 10
6





) 0.0 (± 0.02) 0.0 (± 0.02) 
KS-Sr 2.9 (± 0.6) × 10
4
 1.8 (± 0.3) × 10
4
 
KS-Ca 1.1 (± 1.2) × 10
3







Figure 3.10: Obtuse step velocities as a function of calcium-to-carbonate ratio at a 
saturation index of a) 0.75 and b) 0.40 at constant strontium concentrations of 0 M 
(black), 1 × 10
-4
 M (red), 4 × 10
-4
 M (blue), and 1 × 10
-3
 M (green).  Curves are model 
fits of the combined data set (SI = 0.40 and 0.75) using the modified kink site nucleation 
model (equations 3.11-3.12).  Data and model fits in the absence of strontium are the 
same as in Figure 3.1, but for clarity, only those data points whose calcium-to-carbonate 





Figure 3.11: Acute step velocities as a function of calcium-to-carbonate ratio at a 
saturation index of a) 0.75 and b) 0.40 at constant strontium concentrations of 0 M 
(black), 1 × 10
-4
 M (red), 4 × 10
-4
 M (blue), and 1 × 10
-3





Overall the quality of the fit is quite good, especially for the obtuse step 
orientation.  The fit replicates the overall trend of step velocities decreasing most rapidly 
at low calcium-to-carbonate concentrations and also predicts the shifting of peak step 
velocity to higher calcium-to-carbonate ratios with increasing strontium concentrations.    
The fit also qualitatively captures the trend of non-zero step velocities only being 
observed under high calcium-to-carbonate ratios.  However the fit is unable to replicate 
the rapidity of which growth becomes inhibited at low calcium-to-carbonate ratios.  This 
may be because we are assuming the propagation of kink sites is much slower than the 
nucleation of these sites, however the propagation reactions may become more important 
in these conditions.  Other possible sources of error may be improperly describing the 
back reaction as linear, or assuming that the concentration of precursor sites stays 
constant throughout our experiments.  This likely leads to a propagation of errors that is 
large enough to lead to the quotient of KS-Sr and KS-Ca derived from this analytical 
expression not being equal to Kex (equation 3.4).  The quotient of KS-Ca and KS-Sr can be 
forced to the Kex from the sigmoid fit, but the fit quality is significantly degraded (χ
2
 = 
3772 and 430 for the obtuse and acute steps, respectively).  Overall, we view this model 
is as good as it reasonably can be without independent confirmation of the reactions that 












 Growth rates of calcite were calculated at various calcium-to-carbonate ratios 
under varying strontium concentration to determine the mechanism by which strontium 
inhibits calcite growth at two different saturation indices.  Step velocities measured in the 
absence of strontium were modeled using two different crystal growth models.  The 
kinetic ionic ratio model (Zhang and Nancollas, 1998) was unable to replicate 
experimental step velocities, but the kink site nucleation model (Stack and Grantham, 
2010) was able to reproduce the experimental results with fairly good accuracy.  Step 
velocities were also measured in the presence of strontium.  At higher saturation indices 
and higher calcium-to-carbonate ratios, higher concentrations of strontium were required 
to inhibit calcite growth.  This concentration of strontium was found to be correlated with 
the aqueous strontium-to-calcium ratio, but not with the ratio of strontium-to-carbonate or 
the product of strontium and carbonate.  This implies strontium inhibits attachment of 
calcium to the calcite surface.  Morphology changes were also observed under high 
strontium concentrations and appeared to be dependent on the aqueous calcium-to-
carbonate ratio.  At low calcium-to-carbonate ratios, significant rounding of both step 
orientations was observed and the obtuse step orientation became pinned before the acute 
step orientation.  At high calcium-to-carbonate ratios, the reverse was observed (i.e. the 
acute step orientation became pinned before the obtuse step orientation) and less 
rounding was observed.  The kink site nucleation model was adapted to account for the 
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effects of strontium on calcite growth rates, which qualitatively replicates the measured 
step velocities reasonably well. 
4.2 Future Work 
  The experiments in this study were conducted by increasing the concentration of 
strontium in solution because we were unsure of what concentration of strontium would 
be required to inhibit growth for each of the different calcium-to-carbonate ratios.  
However, now that we know the approximate concentrations required, it may be useful to 
perform some similar experiments at constant strontium concentration and vary the 
calcium-to-carbonate ratio rather than the strontium concentration.  These experiments 
would need to be carried out at low strontium concentration (1×10
-4
 M or lower) because 
at higher strontium concentrations step velocities decrease at a stoichiometric aqueous 
calcium-to-carbonate ratio.  It would be important to choose a strontium concentration 
that does not affect the measured step velocities at a ratio of unity because varying 
calcium-to-carbonate ratio experiments are started at stoichiometric calcium-to-carbonate 
ratios and then the solution composition is either varied with increasing calcium-to-
carbonate ratio or decreasing calcium-to-carbonate ratio.  Starting experiments at ratios 
an order of magnitude higher or lower than unity consistently leads to lower step 
velocities than those measured otherwise, indicating changing the calcium-to-carbonate 
ratio irreversibly affects calcite growth.  
Additionally, as step velocities are not be able to solely provide the information 
necessary to develop a crystal growth theory which can accurately reproduce 
experimental results, use of metadynamics or other independent information about the 
reactions occurring on a step will be necessary to calculate the effect strontium has on the 
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apparent rate of attachment calcium, as well as examine possible ways strontium is 
blocking attachment.   
 The applicability of the modified kink site nucleation model (equations 3.12) 
could be tested by performing similar experiments in the presence of magnesium 
(Wasylenki et al., 2005b) or silicic acid (Pina et al., 2009), which have also been found to 
decrease calcite growth rates.  While these both affect calcite growth rates, the 
morphology changes observed differ from those observed in the presence of strontium.  
While strontium causes elongation of growth hillocks perpendicular to the c-glide plane, 
magnesium and silicic acid cause elongation of calcite growth hillocks parallel to the c-
glide plane.  This is likely because magnesium, and possibly silicic acid, preferentially 
affect the acute step orientation, while strontium preferentially affects the obtuse step 
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